Attenuated total reflection Fourier transform infrared spectroscopic imaging was applied to study human stratum corneum ͑SC͒ tissue, the outermost layer of the skin. This imaging approach was combined with a controlled environment cell to demonstrate the possibility of obtaining chemical images of SC exposed to a wide range of relative humidities and diffusion of ethanol through the SC tissue with a specially designed liquid cell. The effect of water vapor sorbed into the SC on the distribution of other components in the SC was studied. Principal component analysis was applied in conjunction with univariate analysis to differentiate the distribution of different components in the SC. Swelling of the SC, a heterogeneous distribution of natural moisturizing factor and water, was detected upon the increase of relative humidity. The approach to image the penetration of liquid ethanol into the SC was also demonstrated and showed good potential and implications for studying transdermal drug delivery.
Introduction
Hydration of skin plays an important role for the function of skin as a barrier for the human body. 1 The amount of water present in stratum corneum ͑SC͒, the outermost layer of the skin, affects the barrier properties of skin. Hydration of SC is crucial for the appearance and flexibility of skin, is important for transdermal delivery, and plays a key role in cosmetic treatment of skin and the applications of many healthcare products to skin. The effect of different topical formulations and medications relies on their moisturizing effect, which often enhances their performance.
A number of techniques have been developed to analyze the amount of moisture in the SC and to study the distribution of water within the SC. Some of the main techniques to study the hydration of SC are electrical methods that measure the effect of water present on the conductance or capacity of SC. 2, 3 However, the use of these techniques is not straightforward, as the dependency of the electrical properties of water on the amount of water may be highly nonlinear. Furthermore, applications of electrical methods cannot easily differentiate between the effect of water and other constituents present in topical formulations. 4 Due to its intrinsic chemical specificity, vibrational spectroscopy ͑infrared and Raman͒ provides an opportunity not only to measure the amount of water in the SC but also to differentiate the presence and behavior of other molecules in the SC and to analyze the effect of water on changes in the SC. Thus, a very interesting application of confocal Raman spectroscopy 5 revealed the depth concentration profile of water as a function of the distance from the surface of the skin. This approach led to the successful development of instrumentation by River Diagnostics for noninvasive in vivo measurements of skin. Xiao and Imhof have demonstrated the use of opto-thermal radiometry to obtain depth distribution of water in SC in vivo. 6 Recently, a method of magnetic resonance profiling using gradient at right angles to the field has been applied to study the moisture content in skin tissue. 7, 8 These results provided opportunities for in vivo measurement of skin hydration. However, these approaches typically provide chemical information along the line perpendicular to the surface of the skin and lack imaging capability. The averaged information obtained in confocal Raman measurements originates from the measured confocal volume ͑with dimensions of a few micrometers͒. It is possible to obtain such information as a function of depth from several locations on the surface of the skin, but this would require a significant amount of time ͑hours͒ and the information cannot be obtained simultaneously.
Near-IR imaging provides a possibility to image the effect of hydration at different locations in the sample simultaneously in a relatively large area of skin, 9 but the near-IR approach lacks the chemical specificity of infrared spectroscopy in the mid-IR region, which can easily differentiate between functional chemical groups and their interactions. This is because near-IR relies on the spectral bands corresponding to overtones or combination transitions, while the mid-IR spectroscopy primarily deals with fundamental transitions. The depth of penetration of near-IR spectroscopy is also less well defined, which causes additional difficulties for quantitative analysis. The combination of the high chemical specificity of Fourier transform infrared ͑FTIR͒ spectroscopy with the high-speed imaging capability offered by the focal plane array detector 10, 11 enabled the development of a variety of applications in a number of research fields including imaging of biomaterials 12 and biological tissues. 13, 14 FTIR spectroscopy with the attenuated total reflection ͑ATR͒ approach requires a minimal sample preparation method because of the relatively small depth of penetration ͑a fraction of a micrometer to a few micrometers͒ of the evanescent wave that probes into the sample. 15 Our group has developed a range of ATR-FTIR measurement approaches for imaging with different spatial resolutions and fields of view for different applications, [16] [17] [18] while Varian has a patent on the imaging ATR spectrometer. 19 We have demonstrated the feasibility of studying pharmaceutical samples under controlled environments using FTIR imaging by incorporating a controlled environment cell with an ATR accessory. 20 The suitability of ATR-FTIR imaging for in situ studies of biological samples has been demonstrated previously. 14, 16 There are opportunities in applying ATR-FTIR imaging in the mid-IR region to skin tissue exposed to controlled humidity to study the hydration of skin.
In this paper, the absorption of water in human stratum corneum exposed to a large range of controlled relative humidities ͑from a very dry to a very humid atmosphere͒ has been measured with the diamond ATR-FTIR imaging method to demonstrate the potential of this approach to study human SC tissue under controlled environments in situ. A new liquid cell for studying diffusion of different components from solution through the SC tissue has also been introduced. Principal component analysis ͑PCA͒ was found to be a useful tool to extract images that represent the distribution of different components that are otherwise difficult to generate by the univariate method. 21, 22 This study used PCA to analyze the obtained imaging data sets and to validate images produced with the univariate approach.
Materials and Methods
The controlled humidity cell ͑VGI 2000M, Surface Measurement System Ltd., UK͒ was designed to be used in transmission spectroscopic measurements with a microscope, and it was described in detail in Ref. 23 . The range of relative humidity ͑RH͒ inside this cell can be varied between 3% and 95% and can be operated at temperatures in the range from 15 to 40°C. Room temperature ͑22°C͒ was used for all experiments shown in this study.
Human SC samples of ca. 15-20 m thick, supplied by the London School of Pharmacy ͑LSP͒ ͑originally supplied by UKHTB with the appropriate ethics approval͒, were extracted from human cadaver skin from abdominal tissue and were fixed and attached on a foil and stored in a freezer before use. The sample was defrosted at room temperature ͑22°C͒, and the surface was gently cleaned with ethanol. There is no apparent ice damage to the SC tissue observed under a visible light microscope. A previous study has shown that this freezing procedure does not alter the SC barrier function. 24 The sample with foil was then immersed in deionized water until the SC was detached from the foil surface and floated. The floating skin was carefully transferred to the diamond ATR crystal measuring the surface where it was positioned to the center and lay flat with the epidermal side facing the crystal. Excess water was removed and the sample was dried overnight with the aid of the controlled humidity cell at 3% RH ͑the lowest humidity available͒. The sample was then exposed to a controlled RH. The water content in the sample was monitored every hour by the measurement of the imaging spectral data sets during the exposure of the sample in the controlled environment. It has been found that three hours was the minimum time required for the water content in the tissue to equilibrate with the controlled environment. Each time when the RH was adjusted, the sample was therefore allowed to equilibrate in the controlled environment for at least three hours before a new imaging measurement was commenced. Preliminary measurements in this study have shown that the water content in the equilibrated SC tissues did not vary significantly in the range of RH between 3% and 50%; therefore, images were acquired when the sample was equilibrated at RH of 3%, 50%, 65%, 80%, and 95%. Several experiments have been performed in each case to ensure the reproducibility of the results.
For the experiment with ethanol, liquid ethanol ͑99.6% pure͒ was placed on the surface of the SC for the in situ measurement instead of covering the diamond ATR surface with the controlled humidity cell. A liquid cell, shown in Fig.  1 , has been manufactured specifically for the in situ experiments on the penetration of liquids through the human SC in the way that liquid diffuses into the SC from the top surface of the SC but not from the interface between the ATR crystal and the tissue. The SC tissue was prepared similarly to the humidity experiment, but, in this case, it was dried under room condition ͑22°C, 40% RH͒ instead of 3% RH. The liquid holding cell was introduced on the top surface layer of the SC tissue after it was dried, and leakage of liquid was prevented by holding down the cell with screws ͑see Fig. 1͒ . Ethanol was added followed by a series of measurements. A seal was introduced to the top of the cell to prevent the ethanol from evaporating.
FTIR images were collected with a continuous-scan spectrometer equipped with a large sample compartment and a 64ϫ 64 focal plane array ͑FPA͒ detector. A 128ϫ 128 FPA detector was also used in some of the measurements to obtain a larger field of view. A diamond ATR accessory ͑Golden Gate, Specac Ltd., UK͒ was used providing a field of view of ca. 500ϫ 700 m 2 with the 64ϫ 64 FPA detector and ca. 900ϫ 1260 m 2 with the 128ϫ 128 FPA detector. It is important to note that the 64ϫ 64 FPA detector, used in this study, is different from those used in most of our other studies described in previous publications ͑e.g., Refs. 16, 25, and 26͒, thus providing a smaller field of view when it is used with the same accessory. The diamond ATR accessory was not specifically designed for imaging purpose, but it has been shown to be a versatile ATR imaging tool. 16 A spectral resolution of 8 cm −1 has been used in this study, 100 scans ͑which took ca. 200 s͒ were collected using the 128ϫ 128 FPA, and 20 scans were used using the 64ϫ 64 FPA detector to reduce the scanning time to ca. 20 s ͑i.e., ca. 1 s per scan͒. PCA and spectral preprocessing were performed using the ISys software ͑Spectral Dimension/Malvern͒.
Results and Discussion
For any ATR measurements, a good contact between the sample and the ATR crystal is very important for obtaining reliable data. Ideally, the sample should self-adhere to the ATR measuring surface. Unlike the studies with polymers or pharmaceutical samples, it was not possible to melt or cast the SC tissue from a solution of organic solvent, as this would destroy the morphology of the original sample. Pressing the sample with a press is also not desirable as the surface of the SC tissue should be free from any blockage for the access of liquid or vapor to be studied. A previous study using the ATR imaging approach with SC and other biological tissues using the ATR approach has shown that these tissues would selfadhere to the ATR crystal surface. 14, 27 By floating the SC sample and ensuring that no air bubbles are trapped between the sample and water, followed by removing the water underneath the SC, a good contact between the SC and the ATR crystal has been ensured. However, reliable ATR imaging measurements also require this contact to be homogeneous. In the case of a heterogeneous sample, it is often not easy to identify any possible heterogeneity of optical contact from the variation of absorbance because the absorbance at any particular wavenumber in a spectrum is also a function of the component concentration ͑composition͒. Ekgasit 28 has shown that comparing the absorbance of the same spectral band measured using the p-and s-polarized light allows one to assess the quality of optical contact between the sample and the crystal. A similar test has been performed with the sample of SC dried on the diamond crystal, and the uniformity of the sample-crystal contact has been assessed. Since it was difficult to compare all 4096 spectra measured with p-polarized light with the spectra measured with s-polarized light, a ratio of the absorbance of the bands measured with different polarization in the high wavenumber region, where it is the most sensitive to the size of any possible gap between the sample and the crystal, has been used for the comparison. The ratio of the absorbance of the ͑NH͒ band at 3280 cm −1 measured with s-and p-polarizations has been calculated and is shown in Fig. 2 . For an intimate optical contact and an angle of incidence of 45 deg, this ratio should be 2. The image shown in Fig. 2 shows that this ratio is ca. 1.8, which means that the sample preparation method employed in this study results in a gap of insignificant size ͑thicknessϽ0.01 m͒ between the ATR crystal and the sample. The lack of variation of this ratio across the imaged area confirms that the contact is uniform. A recent FTIR imaging study of SC tissue using a variable-angle ATR accessory has also shown that the contact between the SC tissue and the ATR crystal-measuring surface is homogeneous over the imaged area. 29 
Skin Under Controlled Humidity
After the sample was dried overnight on the ATR crystal with the controlled humidity cell set to 3% RH, an FTIR image was measured. The peak area of the Amide II band of protein between 1565 cm −1 and 1500 cm −1 of all spectra measured was integrated and used to plot a map showing the distribution of protein in the skin. The Amide II band was used instead of the Amide I band ͑1642 cm −1 ͒ because of the possible overlap with the band of water bending mode ͑at ca. 1640 cm −1 ͒. The image shown in Fig. 3 demonstrates that the surface of the studied sample of SC is heterogeneous. There are clear domains of low protein concentration. Spectra extracted from the red and green areas of the images showing the distribution of protein-rich areas ͑top row͒ are shown in Fig. 4 . The low-protein-concentration areas have also shown some absorbance in the 1745 cm −1 region. A similar observation has been made before, and this absorbance was assigned to the presence of the lipid-rich domains on the surface of the SC. 16 These lipid-rich domains are probably the remains of the nonpolar sebaceous lipids of the surface. 30 The plot of the distribution of the band at 1743 cm −1 ͑the integration range used was 1767 cm −1 to 1720 cm −1 ͒ has produced images showing the distribution of lipids that were complementary to the corresponding images of the distribution of proteins ͑shown in Fig. 3͒ . The distribution of the absorbance of the band at ca. 1400 cm −1 , which has been previously assigned to the natural moisturizing factor ͑NMF, a mixture of proteins constituent amino acids, amino-acid derivatives, and salts͒, 31, 32 is also shown in Fig. 3 . The distribution of the NMF was somewhat similar to the distribution of protein in the imaged area, but it was not exactly the same. The heterogeneity of the SC is not limited to the distribution of proteins and lipids as demonstrated by ATR-FTIR imaging, which is a powerful tool for the analysis of biomedical samples. 14 After imaging the relatively dry sample, it was then exposed to 50%, 65%, 80%, and 95% RH. Images showing the distribution of water have been generated by choosing an integration range such that the contribution from the absorbance of the NH stretching band to the OH stretch of water ͑3640-3550 cm −1 ͒ was relatively small. The distribution of proteins and lipids was measured at each humidity level, and the results are shown in Fig. 3 . The images in the top row show that when the relative humidity increases, the absorbance of the Amide II band of protein decreases. Water sorption to the protein domains from the controlled environment caused the SC to swell. However, this swelling effect was not very strong when the sample was exposed to RH between 3% and 80%. In fact, this swelling was not observable for images showing the distribution of proteins in the range of RH between 50% and 80%.
In contrast, images in the bottom row of Fig. 3 ͑water distribution͒ have shown that the amount of water was increasing with the increase in RH. Furthermore, the lipid and the NMF have shown a decrease in the overall absorption within this change of RH. All this points to the fact that NMF is more sensitive to the change in humidity ͑in the range of 50-80%͒ compared to the protein domains. Unfortunately, there was no direct correlation between the water distribution images and the NMF images. Also, it was very difficult to use the OH stretching band of water to represent its distribution in the univariate analysis because of its overlap with the NH stretching band of protein; hence, the images showing the distribution of water were only qualitative. Nevertheless, a ratio of the images showing the distribution of protein and NMF at the two extreme RHs has been created to normalize the NMF distribution against the protein distribution. The resulting images are shown in Fig. 5 . The ratio of the images has shown a similar NMF distribution to the original NMF map shown in Fig. 2 at low RH. At 95% RH, this ratio of the images has shown some difference to the corresponding image shown in Fig. 3 because the ratio of the images depends not only on the distribution of NMF but also on the swelling of the SC. In order to obtain images that are more independent from the contribution of different components in the SC tissue, PCA has been applied to analyze the data sets obtained from the sample at 3% RH and 95% RH. The multivariate approach has been demonstrated as a promising data analysis method that can be used to extract information from the large amount of data collected. 21, [33] [34] [35] [36] [37] However, before carrying out the PCA, second derivative has been applied to all spectra to remove any possible effects of variation of the baseline. The second derivatives are calculated using the Savitsky-Golay polynomial filtering method with a filter length of 7 and a filter order of 3. To remove the contribution from uncompensated CO 2 in the background, only the spectral region, which contains the most information about the contribution of protein and NMF, between 1800 cm −1 and 1000 cm −1 were used in the PCA. Since all spectral peaks will be pointing downward after taking the second derivative, a multiple of −1 is applied to all spectra to reverse the direction of the peaks for a clearer presentation. The loading and score plots of the results measured from the sample at 3% RH and 95% RH are shown in Figs. 6 and 7 . Consider, first, the PCA results from the data measured at 3% RH. Clearly, principal component ͑PC͒ 1 describes the protein distribution in the SC, which the score plot has shown similarity to the image of the protein distribution in Fig. 3 , and it can be identified by typical protein absorption bands at 1647 cm −1 ͑Amide I͒ and at 1543 and at 1512 cm −1 ͑Amide II͒. PC 2 and 3 represent a mixture of uncompensated water vapor, which is marked by the spike's presence in the loading between 1800 and 1400 cm −1 and the distribution of lipids, which is indicated by the characteristic carbonyl band at 1745 cm −1 . The score plot of PC 4 is, interestingly, the reverse image of the NMF distribution shown in Fig. 3 , suggesting that PC 4 is the negative correlation of the NMF. Looking at the loading of PC 4, one can identify the negative bands at ca. 1400, 1339, and 1292 cm −1 , which correspond to the spectral features of NMF. Although the loading of PC 5 and 6 showed some spectral features similar to the NMF in the 1400-1300-cm −1 region, and the score plot of PC 5 showed some similarity in distribution of the NMF component shown in Fig. 3 , they only accounted for 0.09% and 0.06% of the variance of the data set. Hence, PC 5 and 6 were generally regarded as the description of a possible band shift due to slight change in the chemical environment in the heterogeneous SC tissue. Other PCs beyond PC 6 have been disregarded, as the percentage of information contained in these PCs decreased further and their corresponding loadings also became more noise-like.
The loading and the score plots of the PCA of the data, in the fingerprint region, measured at 95% RH are shown in Fig.  7 . Similar to the PCA of the data measured at 3% RH, PC 1 describes the distribution of proteins in the SC tissue as shown by the similarity of the loading plot to the protein image presented in Fig. 3 and the presence of the Amide I ͑1643 cm −1 ͒ and Amide II ͑1543 and 1512 cm −1 ͒ spectral features in the loading 1. The slight red shift of the Amide I spectral feature compared to the 3% RH data is a possible result of water molecules interacting with the carbonyl group of the protein. 38 Furthermore, the ratio of the two Amide II peaks showed a significant difference between the data measured at 3% and 95% RH. Amide II has been generally re- garded as less structurally sensitive than the Amide I band, 39 and it is often more difficult to interpret. Nevertheless, the analysis of these imaging data sets has demonstrated that it is possible to extract subtle but reliable information from the imaging data. The loading of PC 2 probably describes the uncompensated water vapor and, therefore, the score plot of PC 2 did not show any distribution. PC 3 clearly describes the lipid components in the SC tissue. The loading of PC 3 contains the lipid spectral feature at 1745 cm −1 ͓͑C v O͒ band͔, and the score plot is similar to the image of the distribution of lipids shown in Fig. 3 . A closer look at the loading of PC 4 has found spectral features at ca. 1408, 1350, 1330, and 1300 cm −1 that belong to NMF. The positions of the bands corresponding to NMF extracted in this case were not exactly the same as those extracted from the PCA of the data measured at 3% RH ͑Fig. 6͒ because the chemical environment in the SC tissue could be different with the presence of water molecules. The score plot of PC 4 in Fig. 7 has demonstrated a close match with the image in Fig. 3 that described NMF distribution at 3% RH. It is also complementary to the score plot of PC 4 in Fig. 6 . This demonstrates that the distribution of NMF in the SC tissue did not change upon exposure to 95% RH. The similarity between the score plot of PC 4 and the NMF image at 3% RH in Fig. 3 also demonstrates the advantage of PCA over univariate analysis. While apparent differences in NMF distribution have been observed for the Fig. 6 The first six PC loading and score plots of the ATR-FTIR imaging data in the fingerprint region measured at 3% RH. The number ͑1-6͒ represents the PC the plot describes. The percentage represents the proportion of the variance of the data the PC describes.
cases of high and low RH from the images generated by the univariate method ͑which was probably due to swelling of protein͒, PCA has demonstrated no significant differences for the distribution of NMF. The loading of PC 5 was generally regarded as the description of a possible band shift due to a slight change in chemical environment in the heterogeneous SC tissue and possibly heterogeneous distribution of water in the SC tissue, which is marked by the loading feature at 1650 cm −1 . PC 6 is clearly the remaining noise in the 1000-cm −1 region and therefore can be ignored.
Another advantage of the multivariate approach over the univariate method is that it can identify the distribution of components with spectral features that overlap with other components. The integral range used for generating the image representing the distribution of water in Fig. 3 utilizes only part of the broad ͑O-H͒ stretching band of water. The images generated may be affected by the change in band shape in this region due to the differences in the chemical environment at different composition and the protein NH stretching band. PCA was applied to the region between 3750 and 2750 cm −1 . Instead of taking the second derivative of all spectra, a simple two-point baseline correction ͑one at the beginning and one at the end of the spectral range͒ has been applied because the second derivative will remove the broad spectral feature of the ͑O-H͒ stretching band of water. The Fig. 7 The first six PC loading and score plots of the ATR-FTIR imaging data in the fingerprint region measured at 95% RH. The number ͑1-6͒ represents which PC the plot describes. The percentage represents the proportion of the variance of the data the PC describes.
results are shown in Fig. 8 . PC 1 and 2 describe the proteins and the lipids of the SC and their distribution. PC 3 and PC 4 have positive spectral feature in the loading in the 3600-cm −1 and 3380-cm −1 region, showing evidence of heterogeneous water distribution in the SC tissue at 95% RH. The spatial distribution of water is described in the corresponding score plot shown in Fig. 8 . It is interesting to note that PCA enhances the image showing the distribution of water, which is demonstrated by comparison of the PC 4 in Fig. 8 to the imaging of water distribution in the sample measured at 95% RH in Fig. 3 . This also demonstrates the potential of the ATR-FTIR imaging technique to study the distribution of water in SC tissue under different conditions. The score plot of PC 5 is complementary to the score plot of PC 4 in Fig. 7 , which has been interpreted as the distribution of NMF. It has been shown that it is possible to extract similar information by performing PCA to different parts of the spectrum separately. PC 6 did not show any important information, as demonstrated by the relatively featureless loading and the score plots.
Skin Exposed to Liquid Ethanol
The second experiment conducted in this study was the penetration of ethanol through the SC of human skin as a function of time using the ATR-FTIR imaging approach. Solutions in ethanol are often used in formulations for skin treatment. For example, the effect of ethanol on transport of drug through the model polymer membranes was analyzed previously using FTIR imaging. 40 In this experiment, instead of covering the SC tissue with the controlled humidity cell, which can be used to generate organic solvent vapor with different partial pressures, 41 the new cell specifically designed for retaining liquid on the diamond surface was used to contain the ethanol on the skin surface. The images showing the distribution of different components that were measured immediately after ethanol has been introduced are presented in Fig. 9 . The same univariate method that was used to generate the images in the controlled humidity experiment was applied. The bands at 1086 cm −1 and 1046 cm −1 have been used to represent the presence of ethanol ͑the integration range used was 1100-1000 cm −1 ͒. A 64ϫ 64 FPA detector was used in this experiment because a smaller array would allow a shorter scanning time and, hence, a higher temporal resolution. The results shown in Fig. 9 have demonstrated that ethanol penetrated into the SC in a very short time ͑the equilibrium concentration of ethanol in SC was reached within 2 min͒. The protein domains swell slightly, which is marked by the small decrease of absorbance of the Amide I band. Although the distribution of proteins appears to be heterogeneous, the sorption of ethanol seems to be relatively homogeneous ͑within the spatial resolution used͒, which could mean that the permeation of ethanol through the skin was not affected by the heterogeneous nature of the SC layer.
Conclusions
The combination of ATR-FTIR imaging with a controlled environment cell allowed us to obtain chemical images of the surface of stratum corneum ͑SC͒ under controlled relative humidity. It has been shown that FTIR imaging provides information on swelling of SC as a function of humidity. The SC tissue swells more significantly when the RH increases from 80% to 95% than when it changes from 3% to 80%. The amount of water sorption into SC increased with the increase of humidity, and the distribution of water in the SC was also measured. Chemical images provided information about heterogeneous distribution of protein-rich domains and NMFrich domains. PCA was applied to further enhance images that represent the distribution of each component. It has been found that PCA is particularly useful to extract information, such as the distribution of water in the SC tissue at 95% RH, which is otherwise difficult to obtain. The surface of the SC exposed to liquid ethanol was also studied using ATR-FTIR imaging and a specially designed liquid cell. It has been shown that the distribution of ethanol was homogeneous within the limitations of spatial resolution of our approach. The demonstrated in situ imaging approach of ethanol penetration into the SC provides opportunity for further studies of the trans͑dermal͒ drug delivery from the ethanol solutions.
The demonstrated approach is the first step in the applying the ATR-FTIR imaging method to analyze trans͑dermal͒ drug delivery under environmental conditions. Overall, ATR-FTIR imaging should develop into a powerful tool to study and monitor morphological properties of skin and transport behav-ior through the skin. The implications of this approach may be significant for the development of novel release systems and responsive ͑for example, to humidity͒ release systems.
